The repeat region of DC-SIGNR (CD209L) is polymorphic on the genomic level, and, in a separate study, we observed a correlation between the DC-SIGNR genotype and HIV-1 susceptibility during sexual contact. However, previous investigations using immunohistochemistry failed to detect membrane-bound DC-SIGNR on cells in the genital and rectal mucosa. We therefore explored the presence of DC-SIGNR in these compartments with a more sensitive limiting dilution RT-PCR, which also allowed for quantification of alternatively spliced mRNA isoforms. DC-SIGN (CD209) and DC-SIGNR mRNA transcript isoforms were found in all 12 vaginal and two rectal biopsies obtained from 14 healthy individuals. For DC-SIGNR, we detected significantly more isoform than full-length transcripts (mean copy numbers/lg RNA: 602 vs 26; P ¼ 0.0009). Four mucosal samples lacked full-length DC-SIGNR transcripts entirely. Cloning and sequencing of DC-SIGNR mRNA in three additional individuals revealed a diverse repertoire of DC-SIGNR isoforms, many of which encoded for proteins predicted to be soluble and secreted. Indeed, in one vaginal sample, we detected only soluble isoforms. In conjunction with our prior observation that the DC-SIGNR genotype has an effect on HIV-1 transmission in vivo, these findings emphasize that DC-SIGNR, in addition to DC-SIGN, should be considered as a cofactor in sexual HIV-1 transmission. Soluble isoforms, in particular, may modulate the efficiency of viral transmission and dissemination.
Introduction
Mucosal dendritic cells (DC) are believed to facilitate systemic dissemination of HIV-1 after sexual transmission. This is accomplished by first sequestering viable virions through interaction with C-type lectins, most notably DC-SIGN (CD209) (dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin), and then passing virus to CD4 þ T cells. 1 -4 DC-SIGN is abundantly expressed on many types of DCs including those derived in vitro from monocytes as well as DCs located in the genital stroma and within lymphoid tissues. 5 -9 DC-SIGN binds the HIV-1 surface glycoprotein 120 (gp120) with high affinity in a CD4-independent manner. 1, 10 A close homologue to DC-SIGN, DC-SIGNR (DC-SIGN related) (CD209L), exhibits a similar capacity to bind HIV-1. 11 -13 Immunohistochemical staining revealed that expression of DC-SIGNR was distinct from DC-SIGN and occurred predominantly in the endothelia of the liver, lymph nodes, and placenta. 11, 12, 14 In addition, some studies demonstrated mRNA encoding DC-SIGNR also in monocyte-derived DCs, albeit at a significantly lower level than DC-SIGN mRNA. 11, 15, 16 Both DC-SIGN and DC-SIGNR are organized into three domains: an N-terminal cytoplasmic domain, a repeat region containing seven repeats of a 23 amino-acid sequence, and a C-terminal domain with homology to C-type lectins. 11, 15 The repeat region of DC-SIGNR is polymorphic at the genomic level. Seven different alleles for the DC-SIGNR repeat region have been identified, encoding from three to nine repeats. 11 In contrast, the repeat region of DC-SIGN is highly conserved. 11, 17 Both DC-SIGN and DC-SIGNR genes produce diverse isoform repertoires through alternative splicing of premRNA, resulting in membrane-bound and soluble proteins. 16 These molecular variations could exert influence on the susceptibility to HIV-1 infection, as has been demonstrated for other HIV-1-binding receptors. 18 -20 This possibility is supported by our finding that homozygosity for the DC-SIGNR 7-repeat allele (repeat region genotype 7/7) is associated with increased risk for HIV-1 infection, whereas the 7/5 genotype seems to confer relative protection. 21 Furthermore, one of our other studies showed that repeat region variations of DC-SIGN also affect HIV-1 transmission. 17 Based on the association of certain DC-SIGNR genotypes with susceptibility to HIV-1 infection in vivo, 21 we hypothesized that alternative forms of DC-SIGNR are present in the genital and rectal mucosa, which exert influence on the acquisition of HIV-1 infection during sexual contact. Despite the lack of prior immunohistochemical evidence for DC-SIGNR in the mucosa, 5 we speculated that if, for example, soluble isoforms dominated locally, immunohistochemistry may not have been a sufficiently sensitive detection technique. Therefore, we applied a more sensitive limiting dilution nested PCR to identify DC-SIGNR mRNA in vaginal and rectal biopsies, and estimated the contribution of DC-SIGNR isoforms to the entire pool of mucosal DC-SIGN and DC-SIGNR. We found both DC-SIGN and DC-SIGNR isoforms in all mucosal samples from 17 individuals. We also confirm that the extensive transcript repertoire of DC-SIGNR reported in a recent study 16 extends to the vaginal and rectal mucosa. For DC-SIGNR, isoforms were much more frequent than full-length transcripts and often encoded proteins predicted to be soluble. Our results suggest that C-type lectin isoforms, in particular secreted products, may be potentially important factors in mucosal transmission of HIV-1. 22 The nonadherent fraction was discarded and the adherent cells were cultured with recombinant GM-CSF and IL-4 (PeproTech, Rocky Hill, NJ, USA) in RPMI 1640 supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM HEPES (BioWhittaker, Walkersville, MD, USA), and 10% heat-inactivated FBS (Gemini, Calibasas, CA, USA) (complete medium). The cytokines were added to the cultures at 800 U/ml on days 0, 3, and 6. On day 6, cultures were supplemented with monocyte-conditioned medium (MCM) at 25% (v/v) to induce maturation. 23 Mature DCs were collected on day 7.
Materials and methods

DC culture
Collection of rectal and vaginal tissues
Vaginal tissues were collected from 13 HIV-1 uninfected women undergoing vaginal repair surgery at the University of Washington and Swedish Medical Center in Seattle. Rectal biopsies (3 -4 mm) were collected from four HIV-1 uninfected men recruited at the FHCRC HVTU. The specimens were transported to the laboratory within 2 h of procurement, washed in PBS, submerged in RNA stabilization reagent, and stored at À201C.
Genotyping of DC-SIGN and DC-SIGNR repeat region polymorphisms
The DC-SIGN and DC-SIGNR repeat regions in exon 4 were amplified from genomic DNA, extracted from tissues or in vitro monocyte-differentiated DCs, with the following primer pairs: 1F1 0 . The conditions for DC-SIGNR RT and nested PCR were the same as above, and identical conditions were also used for DC-SIGN RT and nested PCR. Four RNAse-free water controls were always run in parallel, two starting from the RT and two starting from the first PCR. Transcripts were distinguished by 2% agarose gel electrophoresis and ethidium bromide staining. Transcript lengths of 1255 bp for DC-SIGN and 1223 bp for DC-SIGNR represented the 7-repeat wild-type allele, and fragments of other lengths were considered transcript isoforms. Relative copy numbers of each transcript were determined as described previously using the computer program 'QUALITY'. 26 The general assay variability for DC-SIGN and DC-SIGNR, full-length and isoform, mRNA copy number determination was estimated by repeating the complete limiting dilution RT-PCR five times in two tissue donors. Fold-differences between the minimum and maximum copy numbers across each set of replicates ranged from 2.34 to 6.15 (mean 4.1). Copy numbers for full-length DC-SIGNR transcripts were consistently zero across the five repeat assays in a donor with the DC-SIGNR repeat region genotype 5/5.
Statistical analyses
Copy numbers between DC-SIGN and DC-SIGNR isoform transcripts, as well as between full-length and isoform transcripts were compared using the Wilcoxon signed rank test. The proportion of individuals with at least one DC-SIGNR 7-repeat allele was compared between individuals who lacked and individuals who possessed DC-SIGNR fulllength transcripts using Fisher's exact test. All tests were two-sided with a P-value of o0.05 considered significant. All analyses were performed using InStat Version 3.0 and PRISM version 4.0 (GraphPad Software, INC, San Diego, CA, USA).
Results
Expression of DC-SIGN and DC-SIGNR transcripts in rectal and vaginal biopsies
Immunohistochemical studies have demonstrated DC-SIGN expression on DCs infiltrating the genital and rectal mucosa, but failed to detect DC-SIGNR in these tissues. 5, 6 Nevertheless, our finding that certain DC-SIGNR genotypes correlate with the risk for HIV-1 infection 21 may signify the presence of this molecule at the site of viral invasion. We therefore tested for vaginal and rectal expression of DC-SIGNR using a more sensitive molecular technique, nested RT-PCR, and found DC-SIGNR mRNA in all 13 vaginal and four rectal biopsies tested (Tables 1 and 2 ). As predicted from the immunohistochemical analyses, 5, 6 nested RT-PCR also demonstrated the consistent presence of DC-SIGN mRNA when we analyzed 12 of the vaginal and two of the rectal biopsies (Table 2) . For control purposes, we also analyzed DC-SIGN and DC-SIGNR mRNA expression by in vitro monocyte-derived DCs of four additional individuals. In all four DC samples, DC-SIGN (not shown) and DC-SIGNR (Table 1 ) mRNA was present, which is in concordance with previous studies. 11, 15, 16 Thus, these results corroborate the expression of DC-SIGN in vaginal and rectal mucosa. At the same time, we consistently found mRNA for DC-SIGNR in these tissues, indicating that this molecule is present as well, either in its membrane-bound or soluble form.
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DC-SIGN and DC-SIGNR genotypes
Extensive genomic polymorphism of the DC-SIGNR repeat region has been reported 11, 21, 27 and we sought to confirm this in our cohort. One individual exhibited five repeats on both alleles (5/5), two individuals had a 6/5 genotype, one individual a 6/6, six individuals a 7/5, six individuals a 7/6, four individuals a 7/7 and one individual a 9/7 genotype (Tables 1 and 2 ). In contrast, we found only homozygous 7/ 7 repeat region genotypes for DC-SIGN (Table 2) . These findings confirm the strong genomic polymorphism of the DC-SIGNR repeat region, 11, 21, 27 which stands apart from the near complete homogeneity of the DC-SIGN repeat region.
11,17
DC-SIGNR transcript repertoire The genomic polymorphism of the DC-SIGNR repeat region, 11, 21, 27 in conjunction with alternative splicing of DC-SIGNR pre-mRNA demonstrated in the placenta and liver, 16 implies the potential for generating a wide variety of DC-SIGNR transcripts. Since we detected DC-SIGNR mRNA in all vaginal and rectal samples, we proceeded to investigate its actual transcript repertoire in these tissues. We purified and cloned the major DC-SIGNR RT-PCR products obtained from one vaginal, two rectal and four monocyte-derived DC samples ( Figure 1 depicts selected bands for five of these samples), and then randomly Figure 1 Detection and cloning of DC-SIGNR mRNA. Reverse transcription, nested PCR, and gel electrophoresis were performed as described in Materials and methods. A representative gel with five samples is shown. The full-length transcript length of DC-SIGNR is 1223 bp. Bands at other locations on the gel are transcript isoforms. The white arrows point to bands, or areas marked by parentheses, which were excised for cloning and sequencing. Samples 17, 22, 16 , and 21 are monocyte-derived DCs, sample 20 is a rectal biopsy, and sample 15 is a vaginal biopsy. The individual sample identification numbers (ID) and DC-SIGNR repeat region genotypes are indicated on top, the base pair lengths to the left of the gel. Sample 22 has not been sequenced.
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H Liu et al selected clones for sequencing. Per individual, four to eight distinctive isoforms were found, and in total, 31 distinct transcripts were identified (Table 1 and Figure 2 ). Of these, only one was the full-length transcript and 30 were isoforms containing previously unidentified deletions. 16 Of these, 13 isoforms lacked exon III, which codes for the trans-membrane region, and were thus classified as soluble DC-SIGNR isoforms (Figure 2 ). In the vaginal sample, only these soluble isoforms were found. Early stop codons were introduced in eight isoforms, two were membrane-bound and six were soluble ( Figure 2 ). New C termini with late stop codons were introduced in four isoforms, three were membrane-bound and one was soluble (Figure 2 ). Representative early and late stop codons are depicted in the alignment of predicted amino acid sequences of selected representative DC-SIGNR isoforms in Figure 3 . Thus, genomic polymorphism and alternative splicing generates a large pool of DC-SIGNR transcript isoforms within a single individual and, even more so, on a population level. More importantly, this extensive transcript repertoire is not restricted to the placenta, liver, and lymph nodes, 16 but is also expressed in the vaginal and rectal mucosa.
Mucosal expression levels of DC-SIGN and DC-SIGNR full-length and isoform transcripts DC-SIGN expression in vaginal and rectal mucosa has been reported. 1, 5 Our finding that DC-SIGNR was also consistently transcribed in vaginal and rectal biopsies led us to compare the relative abundance of DC-SIGN with DC-SIGNR transcripts in our mucosal samples. Since the transcript repertoire of DC-SIGNR in the mucosa appeared to be as extensive as described for the placenta, 16 we extended our comparison to the relative contribution of full-length and isoform transcripts. A PCR-based limiting dilution strategy 24, 25 was used to quantify the relative copy numbers of DC-SIGN and DC-SIGNR mRNA full-length and isoform transcripts ( Table 2) . DC-SIGN full-length transcripts predominated (range 900 -39734 copies, median 7537), whereas DC-SIGNR full-length transcripts were least abundant (range 0 -242, median 4.4) (Figure 4 ). Isoform transcripts were present at intermediate levels (DC-SIGN: range 21 -1872, median 80; DC-SIGNR: range 14 -4811, median 37) and did not differ significantly from one another (Figure 4 ; P ¼ 0.36). DC-SIGNR isoform transcripts were much more abundant than DC-SIGNR full-length transcripts (P ¼ 0.0009) (Figure 4 ). In contrast, this relationship was inverted for DC-SIGN, where isoforms were less frequent than wild-type transcripts (P ¼ 0.0001) (Figure 4 ). Of note, we detected only isoform and no fulllength transcripts for DC-SIGNR in four out of 14 mucosal biopsies ( Table 2) . Three of these four individuals completely lacked the DC-SIGNR 7-repeat allele at the genomic level, while all of the other 10 individuals possessed at least one 7-repeat allele (P ¼ 0.011 for difference in proportions). Although the number of tested samples is low, these findings suggest that the 7-repeat allele is required for the generation of the full-length transcript. Taken together, DC-SIGN and DC-SIGNR isoform transcripts are consistently found in the genital and rectal mucosa at the site of HIV exposure. In the case of DC-SIGNR, these isoforms, many of which may represent soluble variants, predominate over the wild-type transcripts.
Discussion
DC-SIGNR is a homologue of DC-SIGN and exhibits a similar ability to bind HIV-1 gp120. 
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DC-SIGNR on isolated DC populations 11, 12, 15 and the mucosa of vagina and rectum. 5 This has been taken as evidence that DC-SIGNR is not involved in the pathogenesis of sexual HIV-1 transmission. Interestingly, however, we have found a correlation between the DC-SIGNR repeat region genotype and the susceptibility to HIV-1 infection, 21 which does suggest a differential role of DC-SIGNR isoforms during viral transmission. This prompted us to explore the presence of DC-SIGNR in the vaginal and rectal mucosa with a more sensitive nested-PCR-based technique. 24, 25 Using this strategy, we consistently detected DC-SIGNR mRNA in all 13 vaginal and four rectal biopsies tested. The majority of these mRNAs were transcript isoforms resulting from genetic polymorphism of the repeat region in exon IV and alternative splicing. As indicated by cloning and sequencing of PCR products in three mucosal biopsies, an extensive transcript repertoire was generated locally, and its breadth was comparable to the repertoire detected in monocyte-derived DCs. Many of these transcript isoforms coded for proteins predicted to be soluble and secreted. 16 Indeed, in one vaginal sample, we only found soluble isoforms. Our studies suggest that transcripts coding for soluble isoforms are commonly expressed in the vaginal and rectal mucosa. We lack experimental evidence but presume that the DC-SIGNR and/or DC-SIGN mRNA transcripts missing the transmembrane anchoring region translate into proteins that are indeed secreted into the mucosal extracellular space. A recent study in vitro 28 supports this assumption.
The biological functions of the large repertoire of DC-SIGNR and DC-SIGN isoforms remain unclear and speculations on this issue have been published by other authors. 16, 29 With respect to HIV transmission, our findings In all, 13 types of mRNA transcripts lacking exon III were found. When exon VI (113 bp) is spliced out, a frame shift occurs, which is predicted to lead to a novel C-terminus in the membrane-bound isoforms 3, 7, and 13, and in the soluble isoform 5. In the membrane-bound isoforms 17 and 18 and the soluble isoforms 6 and 9 -13, the deletions cause premature stop codons (indicated by an asterisk). The lengths of all other deletions are multiples of three, causing no frame shift. - Figure 3 Alignment of predicted amino-acid sequences of representative DC-SIGNR isoforms. Membrane-bound DC-SIGNR isoforms are indicated by 'm', soluble isoforms by 's', followed by the isoform type number as given in Figure 2 . The amino-acid sequence of m1 is the same as the deduced amino-acid sequence of the GenBank sequences AF209480S1 and AF209480S2. Dots indicate amino-acid identity to m1, dashes represent deletions, and stars indicate stop codons. The start of each of the 23 amino-acid repeats is denoted by the letter R (R1 -R8) and always overlies isoleucine (I). 5 and, in the present study, we have observed much lower full-length than isoform mRNA copy numbers, we hypothesize that soluble isoforms are the most likely candidates to influence viral transmission. To address this, future studies must establish the presence of soluble DC-SIGNR protein in the tissue and determine the cellular source of DC-SIGNR in the mucosa, which most likely are endothelial 11, 12, 14 or certain infiltrating DCs, as indicated by our and other studies. 15, 16 Most importantly, studies are required that compare the binding avidity for gp120 between DC-SIGNR isoforms generated from the 5-repeat allele and isoforms generated from the 7-repeat allele. Although the HIV-1 gp120 binding site of DC-SIGNR lies within the lectin-binding domain and not the repeat region, 13,30 the repeat region is necessary for DC-SIGNR tetramerization. 13, 29 The simultaneous interaction of gp120 molecules with multiple subunits in a DC-SIGNR tetramer may be necessary for high avidity binding between DC-SIGNR and HIV-1. 29, 31 It is conceivable that the isoforms produced by specific repeat region alleles exhibit varying efficiencies of tetramerization and thus do not bind HIV-1 equally well. Our finding that the three individuals who lacked the 7-repeat allele failed to produce any full-length DC-SIGNR transcripts certainly suggests that the underlying genotype may influence the nature of the resulting transcript repertoire. Moreover, that out of a total of seven possible DC-SIGNR repeat region alleles, the 5-and the 7-repeat allele are by far the most frequent, 11, 21 points to these two alleles as the most likely candidates for differential regulatory functions.
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In summary, we have demonstrated the presence of substantial amounts of DC-SIGNR and DC-SIGN isoform transcripts in the rectal and vaginal mucosa. We have also shown that an extensive repertoire of DC-SIGNR isoforms is generated locally, many of which code for proteins predicted to be soluble and secreted. 16 In conjunction with our prior observation that the DC-SIGNR genotype is associated with HIV-1 susceptibility in vivo, 21 these findings emphasize the need to further investigate the role of DC-SIGNR and DC-SIGN protein products in mucosal immunity and HIV pathogenesis. In particular, it will be interesting to study the potential of soluble forms of these and other C-type lectins to function as antiviral compounds physiologically and therapeutically in vivo. Horizontal bars indicate the mean of each group. P-values were calculated using the Wilcoxon signed rank test.
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